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REMARKS 

Claims 1, 3-6, and 8-25 are pending in the present application. Claims 1, 3-6, and 8-11 
are amended. Claims 1,3-6, and 8-25 will be pending upon entry of this amendment. 

Claims 1,3, and 8 are amended to recite the transitional phrase "consisting essentially 
of," and nucleotide primers or probes corresponding to specific resides of SEQ ID NO: 1. No 
new matter is added by these amendments as support may be found in the specification {see, e.g., 
163). 

Claim 4 is amended to delete various residues of SEQ ID NO: 2. No new matter is added 

by this amendment. 

Claims 5 and 6 are amended to require at least 95% sequence identity with a CatSperl 
protein of SEQ ID NO: 2, an allelic variant of SEQ ID NO: 2, or a fiuictional equivalent of SEQ 
ID NO: 2. No new matter is added by these amendments as support may be found in the 
specification {see, e.g., 37, 65). 

Claim 9 is amended to require that the nucleic acid that hybridizes to at least to 
consecutive nucleotides of SEQ ID NO: 1 under specified wash conditions. No new matter is 
added by this amendment as support may be found in the specification {see, e.g., 7, 10). 

Claims 10 and 1 1 are amended to require at least 95% sequence identity a nucleic acid of 
SEQ ID NO: 1. Claim 1 1 is also amended to require that the nucleic acid sequence encodes a 
protein having CatSperl activity. No new matter is added by this amendment as support may be 
found in the specification {see, e.g., HI 8-10). 

Citations to paragraph numbers throughout this response correspond to the published 
application (US 2004/0157292) unless otherwise indicated. Each rejection is addressed 

individually below. 

I. Interview Summary 

Applicants thank Examiner Jiang and Examiner Wegert for extending the courtesy of an 
interview on October 29, 2009. During the interview, Michael Twomey and Andrew Zoltan 
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summarized the subject matter of the instant claims and the art cited in the § 102 rejections of 
the Office Action of June 29, 2009, and presented arguments detailing why the cited art does not 
anticipate the instant claims. In particular, Examiners Jiang and Wegert agreed that the Sanger 
Centre reference does not anticipate the instant claims because it does not disclose a sequence 
encoding a protein with CatSperl activity as the sequence is only 8 nucleotides long, and it was 
found in C. elegans. Applicants also noted that the Hillier reference is not enabled and thus 
cannot anticipate the instant claims. 

Examiners Jiang and Wegert stated that the § 1 12 rejections are based on the scope of the 
claims. In particular, they expressed concern that claims drawn to short nucleotides could 
encompass more than a CatSperl fragment. Examiners Jiang and Wegert also stated that the 
term "a CatSperl protein" is indefinite. Applicants pointed to the definition of this term in ^ 37 
of the published application, which is also cited below, and noted that the preposition "a" is used 
instead of "the" for proper antecedent basis. Amendments to obviate the § 112 rejections were 
discussed. Applicants submit that the amendments presented in the listing of claims refiect this 
discussion, and obviate the § 1 12 rejections. 

II. 35 U.S.C. S 112. First Paragraph - Scope of Enablement 

Claims 1,3-6 and 8-25 were rejected for alleged lack of enablement. The Office Action 
asserts that "[t]he specification does not enable any person skilled in the art to which it pertains, 
or with which it is most nearly connected, to make and/or use the invention commensurate in 
scope with the claims" (Office Action at page 3). Applicants respectfiiUy disagree with this 
rejection. 

"The test of enablement is whether one reasonably skilled in the art could make or use 
the invention from the disclosures in the patent coupled with information known in the art 
without undue experimentation." United States v. Telectronics, Inc., 857 F.2d 778, 785 (Fed. 
Cir. 1988). However, "[a] patent need not teach, and preferably omits, what is well known in the 
art." MPEP 8th Ed., Rev. 6 (Sept. 2007) § 2164.01 at 2100-194 (citing /« reBuchner, 929 F.2d 
660, 661 (Fed. Cir. 1991); Hybritech, Inc. v. Monoclonal Antibodies, Inc., 802 F.2d 1367, 1384 
(Fed. Cir. 1986), cert, denied, 480 U.S. 947 (1987); Lindemann Maschinenfabrik GMBH v. 
American Hoist & Derrick Co., 730 F.2d 1452, 1463 (Fed. Cir. 1984)). 
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Applicants submit that the pending claims are enabled under this standard. Nonetheless, 
without acquiescing to the propriety of the rejections, and solely to expedite prosecution, 
Applicants have amended claims 1,3-6, and 8-11. In various claims, these amendments replace 
"having" with "consisting essentially of," provide limitations on what constitutes a CatSperl 
protein, replace 80% identity with 95% identity, and require CatSperl activity. One of ordinary 
skill in the art can make and use the subject matter of the amended claims without undue 
experimentation, based on the instant disclosure. 

Accordingly, Applicants respectfully request that the rejection of claims 1, 3-8, and 8-25 
under 35 U.S.C. § 1 12, first paragraph, be reconsidered and withdrawn. 

III. 35 U.S.C. S 112. First Paragraph - Written Description 

Claims 1, 3-6, 8, 10, and 1 1 were rejected under 35 U.S.C. § 1 12, first paragraph, 
because the application allegedly does not show that Applicants were in possession of the 
claimed invention. Applicants respectfiilly disagree. 

"To fiilfill the written description requirement, the patent specification must describe an 
invention in sufficient detail that one skilled in the art can clearly conclude that the inventor 
invented what is claimed. The disclosure as originally filed does not, however, have to provide 
in haec verba support for the claimed subject matter at issue." Cordis Corp. v. Medtronic A VE 
Inc., 67 U.S.P.Q.2d 1876 (Fed. Cir. 2003). Furthermore, "[a]n applicant is not required to 
describe in the specification every conceivable and possible future embodiment of his 
invention." Rexnord Corp. v. Laitram Corp., 60U.S.P.Q.2d 1851, 1856 (Fed. Cir. 2001). "A 
specification may, within the meaning of 35 U.S.C. §112 Tl 1, contain a written description of a 
broadly claimed invention without describing all species that [a] claim encompasses." Utter v. 
Hiraga, 6 U.S. P. Q.2d 1709, 1714 (Fed. Cir. 1988). 

Applicants submit that the specification provides adequate written description for the 
pending claims under this standard. Nonetheless, without acquiescing to the propriety of the 
rejections, and solely to expedite prosecution, Applicants have amended claims 1,3-6, and 8, 10, 
and 1 1. In various claims, these amendments replace "having" with "consisting essentially of," 
provide limitations on what constitutes a CatSperl protein, replace 80% identity with 95% 
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identity, and require CatSperl activity. One of ordinary sldll in the art would conclude that the 
Applicants invented the subject matter of the amended claims, based on the instant specification. 

In the interview of October 29, 2009, Examiners Jiang and Wegert stated that the term "a 
CatSperl protein" is indefinite. Applicants note that "a CatSperl protein" is defined in the 
specification as: 

sperm-specific cation channels such as the human CatSperl 
protein disclosed in SEQ ID NO: 2, human allelic variants of the 
disclosed CatSperl protein, mammalian homologs of these human 
CatSperl proteins, and functional equivalents thereof The term 
CatSperl protein refers to naturally occurring proteins as isolated 
from sperm, recombinantly produced proteins from cells 
transformed with CatSperl genes, and fiision proteins in which 
CatSperl sequences are fiised to N-terminal or C-terminal 
polypeptides (1 37). 

Applicants therefore submit that the phrase "a CatSperl protein" is not indefmite. Nonetheless, 
without acquiescing to the propriety of the rejections, and solely to expedite prosecution. 
Applicants have added limhations to the phrase "a CatSperl protein" to make this definition 
explicit. Applicants reiterate that one of ordinary skill in the art would conclude that the 
Applicants invented the subject matter of the amended claims, based on the instant specification. 

For the foregoing reasons. Applicants respectfiiUy request reconsideration and 
withdrawal of the rejections of claims 1, 3-6, 8, 10, and 1 1 under 35 U.S.C. § 1 12, first 
paragraph. 

III. 35 U.S.C. S 102fb) 

A. Sanger Centre 

Claim 10 was rejected under 35 U.S.C. § 102(b) as allegedly anticipated in view of 
Sanger Centre (1998, Science, 282:2012-2018, Accession No. Z82256.1) ("the Sanger Centre 
sequence"). Applicants respectfully traverse this rejection. 

Claim 10 recites "a nucleotide sequence encoding a polypeptide having CatSperl 
activity" and that hybridizes to a portion of SEQ ID NO: 1 under specific conditions, and "a 
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heterologous regulatory region operably joined to said sequence such that said sequence is 
expressed." 

Under 35 U.S.C. § 102(b), "[a] claim is anticipated only if each and every element as set 
forth in the claim is found, either expressly or inherently described, in a single prior art 
reference." Verdegaal Bros. v. Union Oil Co. of California, 814 F.2d 628, 631 (Fed. Cir. 1987). 

The Office Action provides no evidence that the Sanger Centre sequence encodes a 
protein having CatSperl activity as recited in claim 10. The Sanger Centre sequence is only 
eight nucleotides long and it was found in C. elegans, a species of nematode. Nematode sperm 
exhibit crawling motility, not flagellate activity {see Exhibit A, Wolgemuth et al. Biophysical 
Journal 88:2462-2471 (2005), at page 2462, col. 2, first full paragraph). Applicants submit that 
an eight nucleotide fragment (i.e., two and two-thirds of an amino acid) from C. elegans does not 
encode a protein possessing CatSperl activity. The Sanger Centre sequence thus does not 
disclose each and every element of claim 10 as required by § 102(b). 

Therefore, Applicants respectfully request that the rejection of claim 10 under 35 U.S.C. 
§ 102 be reconsidered and withdrawn. 

B. Hillier 

Claims 1, 3, and 8 were rejected under 35 U.S.C. § 102(b) as allegedly anticipated in 
view of Hillier et al. (1997, Accession No. AA416682.1) ("Hillier"). 

The Office Action asserts that Hillier "discloses a polynucleotide sequence encoding a 
calcium channel which is 19.3% identical to SEQ ID NO: 1 in the instant application and 99% 
identical from residues 1592 to 2056 of SEQ ID NO: 1" (Office Action at page 7, first full 
paragraph). The Office Action also asserts that Hiller discloses "a sequence encoding a 
transmembrane loop (specifically the alpha helix as described in the reference)" {id.). 

"A reference that is not enabling is not anticipating." Forest Labs. Inc. v. Ivax Pharm. 
Inc., 84U.S.P.Q.2d 1099, 1103 {citing Elan Pharm., Inc. v. Mayo Found For Med Educ. & 
Research, 346 F.3d 1051, 1054 (Fed. Cir. 2003)). "The standard for determining whether the 
specification meets the enablement requirement was cast in the Supreme Court decision of 
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Mineral Separation v. Hyde, 242 U.S. 261, 270 (1916) which posed the question: is the 
experimentation needed to practice the invention undue or unreasonable?" MPEP § 2164.01 at 
2100-193. 

Hillier merely discloses a nucleic acid sequence that is a "skeletal muscle calcium 

channel," and does not teach how to use the sequence disclosed. Significantly, Hillier fails to 
provide any utility whatsoever for the disclosed sequence. Therefore, Hillier fails to teach that 
any fragment of the Hillier sequence is useful as a CatSperl fragment as disclosed in the instant 
application, and Hillier cannot anticipate claims 1,3, and 8. 

Without acquiescing to the propriety of this rejection, and solely to expedite prosecution, 
Applicants have amended claims 1 and 8 to require a nucleotide probe or primer consisting 
essential of at least 10 consecutive nucleotides of residues 1 to 1591 or 2057 to 2343 of SEQ ID 
NO: 1, and have amended claim 3 to exclude residues 1592 to 2056 of SEQ ID NO: 1. 
Accordingly, Hillier does not anticipate claims 1 , 3, and 8 as amended. 

Therefore, Applicants respectfully request reconsideration and withdrawal of this 
rejection of claims 1, 3, and 8 under 35 U.S.C. § 102(b). 
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CONCLUSION 

In view of the amendment and arguments made herein, Applicants respectfully request 
reconsideration of all claims, and submit that the claims are in condition for allowance. 

A request for a three month extension of time is submitted with this Response. Please 
charge the required fee to Deposit Account No. 08-0219, referencing Attorney Docket No. 
01 103 13. 135US3. Applicants believe that no other fees are due with this Response. However, 
if such a fee is due, please charge it to Deposit Account No. 08-0219, referencing Attorney 
Docket No. 01 103 13. 135US3. Similarly, please credit any payments owed to Deposit Account 
No. 08-0219, referencing Attorney Docket No. 01 10313. 135US3. 

Respectfully submitted. 

Dated: December 29, 2009 

/Andrew Zoltan/ 

Andrew Zoltan 
Registration No.: 64,929 
Attorney for Applicant(s) 

Wilmer Cutler Pickering Hale and Dorr LLP 
399 Park Avenue 
New York, NY 10022 
(212) 230-8800 (telephone) 
(212) 230-8888 (facsimile) 
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MSP Dynamics Drives Nematode Sperm Locomotion 



Charles W. Wolgemuth,* Long Miao,^ Orion Vanderlinde,^ Tom Roberts,^ and George Oster* 
•University of Connecticut Health Center, Department of Cell Biology, Farmington, Connecticut 06030-3505; ^Florida State University, 
Department of Biological Science, Tallahassee, Florida; and ^University of California, Departments of Molecular & Cellular Biology, 
and Environmental Science, Policy, and Management, University of California Berkeley, Berkeley, California 94720-3112 

ABSTRACT Most eukaryotic cells can crawl over surfaces. In general, this motility requires three sequential actions: poly- 
merization at the leading edge, adhesion to the substrate, and retraction at the rear. Recent In vitro experiments with extracts 
from spermatozoa from the nematode Ascaris suum suggest that retraction forces are generated by depolymerization of the 
major sperm protein cytoskeleton. Combining poiymer entropy with a simpie kinetic model for disassembly we propose a model 
for disassembly-induced retraction that fits the in vitro experimental data. This model explains the mechanism by which 
disassembly of the cytoskeleton generates the force necessary to pull the cell body fora/ard and suggests further experiments 
that can test the validity of the models. 



INTRODUCTION 

Fibroblasts crawl to close wounds, neutrophils track down 
pathogens, and metastatic cancer cells invade distant parts of 
the body. The crawling of these cells through the extra- 
cellular environment entails at least three separate physical 
processes; i), cytoskeletal extension at the front of the cell; 
ii), adhesion to the substrate at the cell front and release at 
the rear; and iii), pulling up the rear- of the cell body 
(Abercrombie, 1980; Lauffenburger and Horwitz, 1996; 
Mitchison and Cramer, 1996). In most eukaryotic cells the 
organelle that orchestrates these processes is a cross-linked 
polymer network composed of actin filaments. Polymeriza- 
tion and addition of new actin filaments at the leading edge 
of the cell drives extension via a polymerization ratchet 
mechanism (Mogilner and Oster, 2003; Peskin et al., 1993) 
or gel swelling (Herant et al., 2003; Oster and Perelson, 
1988, 1994). I'ransmembrane proteins, such as tntegiins, 
anchor cells to the substrate (Gaudet et al., 2003; Koo et al, 
2002; Rahman et al., 2002). The mechanism by which force 
is generated to drive retraction of the cell body is still de- 
bated. Originally, this force was attributed to an actomyosin 
system similar to muscle (Huxley, 1973). However, Myosin 
Il-nuU Dictyostelium cells are still capable of translocation 
(DeLozanne and Spudich, 1987; Knecht and Loomis, 1987). 
Mogilner and Oster suggested that the depolymerization of 
an actin meshwork could generate a contractile force to pull 
up the cell rear (Mogilner and Oster, 1996). Here we present 
a more detailed analysis of contractile force genei ation in a 
cell that lacks cytoskeletal protein motois. This pixiblem 
has been addressed previously by finite element modeling 
(Bottino et al., 2001) and continuum modehng (Joanny et al, 
2003; Mogilner and Verzei, 2003; Wolgemuth et al., 2004); 
the treatment here offers a microscopic explanation for the in 
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vitro experiments on major spenn protein (MSP) force 
production (Miao et al., 2003) and its implications for nema- 
tode sperm locomotion. 

Spermatozoa fi'om nematodes, such as Ascaris suum, 
exhibit crawling motility strikingly similar to those of other 
crawling cells (Fig. 1). Although they show all three char- 
acteristics of crawling, they do not possess an actin cyto- 
skeleton. Rather, the nematode sperm utilizes a gel of an 
unrelated polymer, MSP. As in actin-based cells, polymer- 
ization of MSP at the leading edge of the lamellipod 
produces the force necessary to push out the front of the cell 
(Italiano et al., 1996). Unlike actin, MSP fonns nonpolar 
filaments (Bullock et al., 1996), and molecular motors have 
not been identified. These results strongly suggest that the 
dynamics of the MSP network is responsible for both 
protrusive and retraction forces in crawling spenn cells. 
Recent in vitro expeiiments using cellular extracts from 
A. suum spermatozoa implicate disassembly of the MSP 
network as the force-generating mechanism diiving trans- 
location of the cell body (Miao et al., 2003). In these 
expeiiments, vesicles made from the membrane of A. suum 
speim in the presence of sperm cytosol induce polymeriza- 
tion of a "comet tail" cylinder of MSP that pushes the 
vesicle (Italiano et al., 1996), similar to the motion of ActA 
coated beads in the presence of actin (Cameron et al., 1999). 
Retraction forces could be induced in the MSP gel by 
addition of Yersinia enterocolytica tyrosine phosphatase 
(YOP) to the cell-free extract of speim (SlOO), although the 
comet tails in buffer solution showed only slight retraction 
(Miao et al., 2003). Frames from movies of this process in 
the presence of SlOO -f YOP or KPM buffer are shown in 
Fig. 2, A and B. 

In nematode sperm, MSP forms a polyelectrolyte gel 
composed of a network of interconnected positively charged 
filaments surrounded by cytosolic fluid. This gel coexists in 
two forms: a distributed gel consisting of MSP filaments, 
and condensed regions of filaments (also called "fiber 
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FIGURE 1 The Ascaris suum sperm, (a) Profile 
view diagram of a sperm crawling to the right, {b) 
Micrograph showing the dispersed and filjer complex 
phases of the MSP gel. 



complexes," "bundles," or "ribs") that span the lamellipod 
from the leading edge to the cell body (see Fig. 1). The 
organization of the filaments throughout the lamellipod 
appears to be mostly isotropic; however, images taken by 
electron microscopy show a bottle brush structure in the fiber 
complexes (Sepsenwol et al., 1989), suggesting that the 
filaments may be more ordered in these regions. The in vitro 
experiments on vesicles suggest that solation of this MSP gel 
induces contractile forces that pull the cell body forward. In 
Fig. 2 C we have replotted the original data from (Miao et al., 
2003). The closely overlapping curves show that there is 
a direct conelation between the retraction (change in length, 
AL) and the disassembly (change in optical density, AOD) 
that is independent of the solution chemistry. In the 
Appendices we include a brief recapitulation of the methods 
used for these measurements. 

In this article we present a model that explains the 
experimental data of vesicle retraction, and by extension, 
how disassembly of the MSP gel network can produce the 
contractile force necessary to pull the cell body forward 
during crawling. As neither the persistence length of the 
MSP filaments nor their organization in the in vitro comet 
tails is known, we begin by modeling the mechanical 
behavior of the MSP network using two separate physical 
descriptions: i), a polyelectrolyte gel stress based on mi- 
croscopic parameters and the MSP polymer volume fraction, 



and ii), a bundled network of semiflexible MSP filaments. 
Coupling these mechanical models to a simple kinetic model 
for disassembly produces a mechanochemical engine that 
can fit the in vitro experiments on sperm extracts. Finally, we 
suggest further experiments to test the models. 

Forces generated by MSP depolymerization 
and bundling 

In this section we describe how MSP polymerization and 
depolymerization can generate directed forces that drive cell 
protrusion at the cell's leading edge and retraction at the 
trailing edge. The cytoskeleton of nematode sperm is com- 
posed of a large number of interconnected MSP filaments 
that constitute a polyelectrolyte gel. The volume of such gels 
is determined by the equilibrium between four forces (see 
Fig. Al and Eq. 2): i), the entropic tendency for the gel 
filaments to diffuse outwards; ii), the "counterion pressure" 
that tends to inflate the gel (The tendency of the counterions 
to diffuse out of the gel sets up a countervailing electric field 
at the gel surface (the Donnan potential). This "electrostatic 
membrane" prevents the ions from leaving the gel, so the 
counteiions can be treated as a gas tending to inflate the gel 
(see the Appendices)); iii), the entropic elasticity of the gel 
filaments that tends to resist expansion, and iv), the attractive 
interactions between the filaments that also tend to hold the 










A 





FIGURE 2 Experimental images of the 
vesicle propulsion experiments of (Miao 
et al., 2003). (A) A photographic sequence 
showing the depolymerization and con- 
traction of an MSP cylinder in cell extract 
with Yersinia enterocolytica tyrosine 
phosphatase (YOP). (B) A similar fiber 
in KPM buffer (0.5 mM MgCb, 10 mM 
potassium phosphate, pH 6.8). The num- 
Ijers indicate a succession of time points in 
minutes. (A and B) Bar = 5 jxm. (C) The 
change in optical density (HOD) with 
length of an MSP fiber in KPM buffer 
shows that depolymerization is accompa- 
nied by contraction. Triangles are for 
media containing cell-free sperm extracts 
and YOP; circles are for media of KPM 
buffer. Data from Miao et al. (2003). 
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gel together. The MSP gel is not homogeneous for electron 
micrographs of MSP from A. suum show two different 
conformations for MSP aggregation in vivo: i), as an iso- 
tropic meshwork, and ii), as fiber bundles (see Fig. 1 V) 
(Roberts and Stewert, 1997). We will refer to these two states 
of the MSP cytogel as the meshwork phase and the bundle 
phase. In the meshwork phase filament alignment appears 
random and isotropic. Lateral association of MSP filaments 
leads to bundle formation. In this case, MSP alignment is 
more ordered and regions of the gel are dense and appear 
darker in light microscope images (Fig. 1 b). In both con- 
figurations cross-linking of the filaments increases the rigid- 
ity of the overall structure and locks out entropic degrees of 
freedom. Solation involves breaking chains in the meshwork 
phase, or unbundling filaments in the bundle phase. When 
the structure solates, the rigidity of the structure decreases 
and the gain in filament enfropic freedom drives retraction 
of the network. The energy sources for contractile and 
protrusive work are the free energies of polymerization in the 
meshwork phase and the lateral association free energy of the 
filaments in the bundle phase. This is illustrated in Fig. 3. 



Retraction forces induced by solation 

In the Appendices we develop a mathematical model to 
describe the disassembly of the MSP gel and the mechanism 
of force production. Here we give a qualitative description of 
the model. Solation of the gel phase proceeds in two steps. 
First, chains are severed from the bulk gel creating chains 



with free ends as shown in Fig. 3 b. Second, the free ends 
depolymerize into monomers, which are subsequently re- 
cycled, a process we do not treat here. 

Let Mc denote the mass of polymer gel, and Mf the mass of 
stress-free polymer chains created by severing. The total 
mass of polymer in the system is Mt = Mc + Mf. Solation 
takes place in two steps: 

Me Mf^ ^-^^ m, 

Here m is the mass of monomer, is the rate for filament 
severing, and is the rate constant for depolymerizing free 
polymer into monomers. A complete description of the 
kinetics is in the Appendices. 

The total mass of the polymer in an isotropic gel is M = 
Pm<f>V, where pm is the density of a monomer and <f> is the 
volume fraction (i.e., the ratio of the volume of polymer to 
the total volume, V, of the gel). The surrounding fluid and 
counterions generate a pressure that swells the polymer, 
while the elasticity of the gel filaments as well as polymer- 
polymer interactions work to contract the gel. The co- 
ordinated effect of these four forces define the stress in the 
gel (For a mathematical description of the stress see Eq. 2 in 
the Appendices and English et al., 1996a; Wolgemuth et al., 
2004). 

In the absence of external forces, the total stress is zero at 
equilibrium. Indeed, this condition defines the equilibrium 
volume fraction of the gel. The network elasticity is set by 
the number of chains with both ends connected into the 
meshwork (Fig. 3) and by the average length of those chains. 
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As the gel solates, the number of connected chains decreases, 
the average length of chains increases, and the gel becomes 
more compliant. As the length of the connected chains in- 
creases the gel becomes more sensitive to thermal fluctua- 
tions: longer chains can fluctuate more and this draws then- 
ends closer together. Thus, as a gel solates the remaining 
connected filaments tend to contract the gel. Because the gel 
is connected to the substratum via contact loci, the stress 
generated by the solation can exert traction to move the cell. 

Filament bundles behave similarly. The elasticity of 
a single polymer filament is described by its total contour 
length, Lj, and its persistence length, £p = k^T B, where B is 
the bending modulus. The ratio Ir/^p defines the stiffness of 
the polymer. When Lr/^p > 1, the filament is floppy, and 
when Lx/£p £ 1, the filament is fairly rigid. 

Lateral adhesion of filaments produces a fiber bundle with 
a cross-sectional area proportional to the number of 
filaments. From elasticity theory the effective persistence 
length of the composite filament bundle is roughly pro- 
portional to the square of the cross-sectional area: £p A^. 
Therefore, the rigidity of the filament bundle is proportional 
to the square of the number of attached filaments, Lp/^p N^. 
We model the disassembly of the filament bundle as a two- 
step process. First, filaments detach from the bundle; as the 
bundle loses rigidity it contracts due to gain in entropic 
freedom. Second, the separate filaments depolymerize into 
monomers. Using an entropic model for semiflexible 
filaments, it is possible to calculate the disassembly-induced 
contraction of the polymer bundle (see the Appendices; 
MacKintosh et al., 1995). 



RESULTS 

As the persistence length of MSP and the configuration of 
the MSP filaments in the in vitro experiments are unknown, 
we explored both the meshwork and bundle models as 
possible mechanisms for retraction. To compare the model 
derived above with the experiments in Miao et al. (2003), we 
first convert length and OD versus time to MSP mass and 
volume fraction versus time using the relation between mass 
and volume described above and Beer's law to relate the 
optical density to the volume fraction (see the Appendices). 
The results are shown in Fig. 4, top panels. Both the mass 
and the volume fraction decrease as a function of time; 
however, the mass decreases faster than the volume fraction, 
which requires an overall contraction of the MSP network. 
Using the mass-versus-time plot, we fit the parameters kf and 
kc in KPM buffer and in SI GO supplemented with YOP. We 
find good fits with a value of = 0.5 min~^ and = 0 05 
min"^ in KPM buffer and = 0.14 min"^ in SlOO + YOP 
(Fig. 5). The depolymerization rates for MSP comet tails 
have not been measured; however, the value found for is 
roughly comparable to the depolymerization rate for actin 
measured in crude extracts and in vivo (Theriot et al., 1994; 
Watanabe and Mitchison, 2002). 

Next we modeled the change in volume fraction, <f>, with 
time using the determined values for kc and the two physical 
models for the solation of the MSP network (see Fig. 3 and 
the Appendices). We find good agreement between the 
model and the data (Fig. 4, top right). As shown in the figure, 
the volume fraction of the MSP gel decreases during the first 




FIGURE 4 Model fits to data taken 
from Miao et al. (2003). {Top left) MSP 
polymer mass versus time. Solid line is 
a fit to the mass kinetic model, and 
circles (KPM buffer media) and trian- 
gles (si 00 and YOP media) represent 
a replotting of the data from Miao et al. 
(2003) using equations derived in the 
Appendices. (Top right) MSP volume 
fraction versus time. Solid line is a fit to 
the gel retraction model, dashed line is 
a fit to the bundling model, and circles 
(KPM buffer media) and triangles (slOO 
and YOP media) represent a replotting 
of the data fixjm Miao et al. (2003) 
using Eq. 8. (Bottom left) Cumulative 
loss in length of an MSP fiber versus 
time. (Bottom right) Cumulative loss in 
optical density versus time. (Bottom 
panels) Triangles show data for fibers 
in media with YOP and cytosol. Circles 
are for fibers in KPM buffer. Solid lines 
are fits using the gel retraction model 
and dashed lines are fits using the 
bundhng model. 



Biophysical Journal 88(4) 2462-2471 



2466 




0 5 10 15 20 



FIGURE 5 Plot of force versus time derived firam the model (Eq. 3 in the 
Appendices) when both ends of the MSP fiber are held fixed. The solid line 
shows the result for the MSP fiber in KPM buffer. The dashed line is the 

result for the MSP fiber in cell-free extract and YOP. 

10 min and then tends to flatten out for both sohition 
chemistries. In SlOO supplemented with YOP, this decrease 
is more rapid than in KPM buffer. The parameter values used 
in the model are listed in Table 1. To compare the values 
calculated in this manner with the original data, we plot the 
change in length and optical density using the model. Fig. 4, 
bottom panels, show that both solation models capmre the 
disassembly and retraction of the MSP gel. 

The experiments that have been done so far show that 
disassembly can produce retraction in MSP fibers associated 



TABLE 1 Parameters and numerical values used In the model 



Symbo 


Definition 


Value and units 




Volume of a monomer 


1 nm^ (English at al., 1996a) 


00 


Material parameter 


-0.1 (Enghsh et al., 1996a) 




settingunstressed 






volume fi'action 






Thermal energy 






Avogadro's number 


6^02 X lO^^* 




Initial number of monomers 


60 (fit from model) 




between cross-links 






Floiy interaction parameter 


0.7 (Enghsh et al., 1996a) 




Effective number of charges 


-0.13 (assumed) 




permonomer 




Cb 


Bath ion concentration 


-0.073 M (assumed) 


k, 


Free chain depolymerization 


0.5 min~' (fit fiom model) 




Connected chain 


0.05 min"' in KPM buffer 




depolymerization rate constan 


(fit from model) 0.14 min~' 






in YOP and slOO 






(fit from model) 


A/c(0) 


Initial mass in connected 


0.6 M(0) (fit from model) 


MM 


Initial mass in tree chains 


0.4 M(0) (fit from model) 


M(0) 


Total initial MSP mass 


Actual value not needed 




Extinction coefficient 


Actual value not needed 


/3 




80/Me(0) (fit from model) 


A 


Cross-sectional area of MSP 


10 /i.m^ (from experiment) 




comet tail 
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with vesicles. However, these experiments do not show 
directly that this retraction can produce sufficient force to 
pull the ceU body forward during crawling. The model 
suggests an experiment that can test the force production 
by disassembly of the MSP network. (Miao et al., 2003) 
observed that a bead could be attached to the MSP fiber and 
pulled along with the retracting fiber. If a bead is adhered to 
each end of the MSP fiber, the force required to prevent 
retraction can be measured using micromanipulation techni- 
ques such as flexible handles (Marcy et al., 2004). If we 
assume that under these conditions, the volume of the MSP 
fiber stays fixed, then (j) = M/p^V. The force required to hold 
the ends is just the magnitude of the elastic stress times the 
cross-sectional area of the MSP tail (for further details, see 
the Appendices). 

Fig. 5 shows that the maximum force on the comet tail 
produced by fiber depolymerization does not depend 
strongly on the presence of YOP. Both situations produce 
a maximum force —30 nN. This force is comparable to the 
experimentally measured force required to halt crawling in 
keratocytes (Oliver et al., 1994). However, because a crawl- 
ing cell traverses a cell length per minute, the physiological 
translocation force per bundle is more reasonably estimated 
by the force generated during the first minute. This force is 
found to be 5 nN in KPM buffer and 15 nN for SlOO + 
YOP. Interestingly, the model predicts a slower rise for the 
force produced in the presence of YOP where the network is 
being disassembled faster. This result is somewhat counter- 
intuitive because it seems that faster disassembly should 
lead to faster force production. However, the elastic strength 
of the network depends strongly on the cross-Unk density, 
whereas the stress depends strongly on the volume fraction, 
(j). In KPM buffer, the MSP mass that is contained in the 
free chains quickly depolymerizes, but cross-links and 
connected chains stay intact. Therefore, the elasticity of the 
network remains strong, while entropic pressure from the 
free chains is removed driving network contraction. When 
YOP is added, cross-finks are broken more quickly. 
Therefore, the elasticity of the network decreases and free 
chain polymer is removed from the system at comparable 
rates; therefore, force production is slower. At longer times, 
the force decreases as the elasticity in the network is de- 
graded. 

This force dynamics may play a role in nematode sperm 
translocation. As the cell crawls, new polymer is added at the 
leading surface and old polymer gets progressively closer to 
the rear of the ceU where disassembly induces the retraction 
necessary to puU the ceU body forward. At the front of the 
cell, adhesion to the substrate is strong. Therefore, applying 
large forces at the leading edge are ineffective — or even 
counterproductive — ^if the force is large enough to break the 
adhesion to the substratum. Slower force production in the 
presence of YOP shifts the location of strong retraction 
toward the rear of the cell where it is most effective in puUing 
the cell body forward. 
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DISCUSSION 

We have presented a model to describe the mechanism by 
which retraction forces are produced in crawling nematode 
sperm. We show that removing mass from a gel or fiber bundle 
produce contractile stresses that generate sufficient force to 
pull the cell body forward. The time dependence of the comet 
tail mass in vesicle experiments is fit well with a model that 
assumes that YOP controls the rate at which connected chains 
are converted to free end chains. This result suggests that YOP 
regulates filament severing or degradation of cross-links. The 
model provides quantitative agreement with in vitro experi- 
ments on cellular extracts where disassembly of the MSP 
network generates contractile forces. We suggest new 
experiments that can test the validity of the model. 

As myosin is not required for translocation in Dictyoste- 
lium (DeLozanne and Spudich, 1987; Knecht and Loomis, 
1987), a similar solation/retiaction process in actin-based 
cells may generate the force required to haul the cell body 
forward during crawling. The natural depolymerization of 
actin from the cytoskeletal network and from comet tails 
behind moving Listeria monocytogenes and ActA coated 
beads is consistent with this idea (Cameron et al., 2000). At 
physiological conditions the elastic energy of actin networks 
is predominantly entiopic (Gardel et al., 2004). Therefore, 
even though MSF may be more flexible than actin, it is 
reasonable to assume that solation will act qualitatively 
similar in these two polymer networks. Quantitative measure- 
ments of the rate of contraction to the rate of disassembly in 
any of these systems, similar to that done in vitro with MSP, 
would provide a method to test this hypothesis. 

Just as depolymerization and unbundling can lead to 
retraction forces, in a similar fashion, protnisive forces could 
also be generated by using the free energy of bundling MSP 
filaments to weave fibers with larger bending moduli, or 
persistence lengths. Replacing the disassembly model we 
have presented here with a kinetic desciiption of polymer- 
ization suggests a novel mechanism by which protrusive 
force can be generated at the leading edge of the crawling 
cell. A brief description of this bundling protrusion model is 
given in the Appendices with a more detailed description to 
be presented elsewhere. Recent experiments have shown that 
fascin-mediated actin bundling is required for protrusion of 



motility (Brieher et al., 2004; Svitkina et al., 2003). Thus 
bundling may play a role in actin-based protrusion as well. 



APPENDIX A: MEASUREMENTS OF THE 
MSP FIBERS 

Images of the MSP fibers were obtained with a Ziess Axiovert 35 
microscope (Carl Zeiss, Thomwood, NY) equipped with an oil immersion 
63 X Plan Neofluar objective and an Orca 12-bit digital camera (Hamamatsu, 
Bridgewater, NJ) using phase contrast optics, were captured at 5-s intervals. 
Measurements of fiber length, diameter, and optical density were obtained 
with Metamorph software. For optical density measurements, values were 
obtained by measuring optical density in grayscale units from a uniform 
region of the fiber (with care taken to exclude longitudinal stripes or irreg- 
ularities due to debris clinging to the fiber). Images of the frames lacking 
fibers or other objects were used to obtain values for background subtraction. 
Optical densities were reported as grayscale values. Data plotted represent 
the mean over tens of fibers. 



APPENDIX B: DEPOLYMERIZATION FORCES 
IN MSP GELS 

A gel is a number of polymer chains connected by cross-links. Let 4> denote 
the volume fraction of the MSP gel, so that in a unit volume of the gel 
a fraction of the space, (j>, is occupied hy the polymer and the remaining 
space is the fluid, (1 (/>). 11' the volume fraction is constant throughout the 
gel, the total mass of polymer in the gel fraction is 

M = p^4,V, (1) 

where is the density of a monomer and V is the volume of the gel. 
Depolymerization of the gel will decrease M and (j). Here we show that the 
volume of the gel, V, decreases if the stresses generated by depolymenzation 
exceed the gel osmotic pressure. 

The stress in a volume of gel, cr, is the sum of four effects (see Fig. Al). 
The elasticity of the polymers acts to restore the network to its mechanical 
equilibrium volume firaction, <^o. whereas attractive polymer interactions 
tend to collapse the gel. Entropic mixing with the fluid and osmotic pressure 
generated by the polymer counterions induce swelling. The competition 
between these effects diives tj) to an equilibrium value. External forces 
defomi the gel creating sti"ess in the network that changes the volume 
fraction. Electron microscopy images show MSP filaments that are often 
bent at lengths of tens of tianometers, suggesting that this length is 
comparable to the persistence length of MSP (Bottino et al., 2001). 
Therefore, it is reasonable to treat the MSP filaments composing the 
cytoskeletal meshwork as flexible. Using a Flory-Huggins free energy 
(Flory, 1953), and assuming an isotropic and homogeneous gel, the stress is 
a function solely of the volume fraction: 



-hl(l-<^) 
mixing 



polymer 
interaction 



counterion 
pressure 



filipodia in melanoma cells, and similar actin bundling Here is Avogadro's number, V„ is the volume of a monomer, is 

contributes significantly to force generation in Listeria Boltzmann's constant, and r is the temperature, and Sij is the identity matrix. 
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FIGURE Al Forces in a polyelectrolyte gel (see Eq. 2). 



X is the Flory parameter that measures the interaction energy between 
polymer chains (Flory, 1953). The total force generated at the ends of 
a constant volume fraction gel comet tail is found from this stress using 

(3) 



F=A(n-o--n), 



where A is the cross-sectional area of the comet tail and n is the unit vector 
parallel with the axis of the tail. 

The elasticity of the network depends on the effective number of 
monomers hclwccn cross-links, N^, and a reference volume fraction, <^o (for 
a detailed derivation of the stress see English et al., 1996b; Hory, 1953; 
Wolgemuth et al., 2004, and the Appendix). The counterion pressure 
depends on the density of ions in the gel, Cion, and the bath ion 
concentration, Cb. 

Solation of the network will change and <^o (Wolgemuth et al., 2004), 
and so we require a model for network severing. The polymer network 
contains two kinds of chains: those where both ends terminate in a cross- 
link, and those where one end is free (see Fig. 3). Let Mf be the mass ol' 
polymer in the free chains and the mass in connected chains. The 
simplest model assumes that connected chains get broken and are 
transformed into free chains, which then depolymerize. The kinetics for 
this model are 

= -kMc 

dt 

^ = /teM, - kMu (4) 
with rate constants and kf. These equations can be solved analytically: 



Me=Me(0)e '''' 



^ 



where the total mass is M = -I- Mf. 

When no external forces act on the gel, cr = 0 at equilibrium. For a gel the 
size of the MSP fibers (~5 /im in diameter), the relaxation time is of order of 
seconds. From experiments, the timescale for depolymerizarion of the MSP 
network is of order minutes. Therefore, we will assume that depolymeriza- 
tion of the gel occurs on a timescale much slower than the relaxation of the 
gel. We also assume that the only parameters affected by depolymerization 
of the network are N^. Thus if we know the kinetics for N^., then solving the 
zero stress condition gives us the dynamics of 4>- The contraction of the gel 



can then be computed from the change in volume, where V = Ml<j>. Because 
iVe is the effective number of monomers between cross-links, as cross-links 
are destroyed, increases. The rate that cross-links are destroyed should be 
proportional to the rate that the connected chains are broken. Therefore, we 
assume the simple kinetics 



where /3 is a constant. Using Eq. 5, 

A^e = A^e(O) + /3Me(0) ( 1 - 6^'=') . (7) 

To connect the theory with the experiments, M and <^> need to be 
converted to length, L, and optical density, OD. We use the Beer- 
Lambert law. 



OD = s<f>r, 



(8) 



where £ is the extinction coefficient and r is the radius of the cylindrical MSP 
fiber and also the average thickness of MSP gel that the light travels through. 
Using Eq. 1 and the assumption that the comet tail is a cylinder, the mass of 
MSP is 



M = pJ>{'!Tr-L). 



(9) 



Experimentally, it is observed that radial strain (Ar/r) is proportional to 
longitudinal strain (AL/L) with a slope of 0.7 (Fig. A2). Assuming 
infinitesimal differences Ar dr and -> dL and integrating gives 
log(r/ro) = 0.7 log(L/Lo), i.e., r/ro = (L/Lof. Therefore, using Eqs. 1 
and 8, 



and the optical density is given by 







• 
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FIGURE A2 Axial stj 



1. The slope of the line 
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The effective number of monomers 
between cross-links 

We denote Ijy the number of chains that are connected to the mesh at 
ends, and Ijy Pf the number of chains with one free end. On average, thei 
iVx monomers per connected chain. We denote the total number i 
in the free chains as Nj. The total mass of the gel poljoner is therefore, 

M = pJ/^iPcK + A'f)- (12) 

To connect the chemical kinetic Eq. 4 to the gel pressure Eq. 2, we must 
define in terms of P^, iV,, Pf, and iVf. Following Hory, we begin by 
defining the effective number of cross-links (Flory, 1953), 



where vP, is the total number of cr 



For an isotropic, homogeneous gel, the total number of cross-links can be 
related to the volume fraction by 

d>V Nf Pf 

where V is the volume of the gel and is the volume of a monomer. If we 
assume that the gel is composed of flexible filaments and that the deformations 
are affine, the rubber elastic energy per volume of gel is (Hory, 1953) 

(16) 

where we have used the relation 

cl>V = V^{N,P,+Ni). (17) 
Taking the functional derivative of this energy, we find the elastic stress. 



(18) 



Comparing Eq. 18 with Eq. 2, we find 

I _ Pc- 



bundle composed of N^, polymer filaments (such as depicted in Fig. 3 c) will 
behave like a single semiflexible filament with a larger persistence length 
than the individual filaments. We will denote the single filament persistence 
length as and the effective persistence length of the bundle as Lp. From 
elasticity theory, the persistence length varies like the square of the cross- 
sectional area of the filament. Because the cross-sectional area of the 
filament bundle is proportional to the number of filaments in the bundle, 



= Nt,ip. 



(21) 



Therefore, as filaments dissociate from the bundle, both /Vj, and the effective 
persistence length decrease. As suggested by the in vitro MSP experiments, 
we assume that the MSP filaments leave the bundle uniformly along the 
length of the contracting tail and assume that the number of filaments in the 
bundle is proportional to M^, 



(22) 



This assumption does not dictate how the radius of the MSP fiber bundle 
changes with depolymerization. For this mechanism, it is possible that 
filaments either shed uniformly throughout the bulk of the fiber or 
preferentially at the surface. In the former case, the observed change in 
radius would be due to mechanical stress; whereas in the latter case, 
shedding of MSP lilamenis from ihe surface could be responsible for the 
decrease in radius. Hie I'orcc/cxicnsion relation for semiflexible filaments 
under small load force, Fl, is 



6V 

where L is the end-to-end distance of the filament (MacKintosh et al., 1995). 
It should be noted that, even though this equation was derived assuming 
small fluctuations of a straight filament, at zero load force and with 
^ <S L„, Eq. 23 gives the Flory result for the end-to-end distance of 
a flexible polymer chain. In addition, Eq. 23 predicts that the change in 
length, AL, is proportional to f l for small deformations. From this relation. 



Substituting Eq. 22 into Eq. 23, 

F^^ -^^\L-L^^ J . (24) 

We assume that the free filaments exert an expansive pressure on the 
bundled filaments proportional to the volume fraction of free filaments, <^f: 

F. = <^. = -^, (25) 



P^-Pf pJP^-Pf)' 



90k^nlNl \^L-U+ j ~ bMfL'-\ (26) 

Using Eqs. 5 and 22, we solved Eq. 26 for the length. Then, we used that 
(j) « ML~^ to solve for the volume fraction. 



Unbundling induced retraction forces 

Whether polymer filaments are flexible or semiflexible, i 
a fiber bundle will increase rigidity over the individual constituents. A fiber 



Protrusion forces induced by filament bundling 

Just as the unraveling of the MSP bundled filaments generate a contractile 
force, the bundling of filaments into thicker fibers can generate a protrusive 
force at the leading edge. Here we propose a mechanism by which this could 
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Because nucleation of filaments requires a membrane associated protein 
(LeClaire et al., 2003), filaments nucleate and grow off the surface of the 
vesicle or membrane. Then, after growing to lengths of approximately 
a micron, the filaments detach. During this process, many of the filaments 
can become laterally adhered or cross-linked and form a bundled core behind 
the vesicle, corresponding to a protrusion (vilopod) at the cell surface (see 
Fig. la). If the filaments are flexible, their Brownian thrashing can be 
captured by the core of the fiber (see Fig. A3). Thus, there are two sources of 
protrusive force. The attached filaments cannot push, but once detached they 
can fluctuate and exert a pressure on the surface. This mechanism is similar 
to the tethered elastic ratchet model (Mogilner and Oster, 2(X)3). Also the 
formation of the dense core of the fiber complex acts as another kind of 
"ratchet" mechanism that rectifies fluctuations of the membrane (or cell 
surface). Thus, as the fiber elongates, it forms a barrier to backwards motion. 
This ratchet-induced forward motion is driven by lateral association of the 
filaments rather than polymerization as in the actin system. 

Consider the system shown in Fig. A3 where N filaments zip up via 
lateral binding interactions against a load force, Fj_. A quantitative model 
can be created by treating the bimdled portion of the filaments as a single 
semiflexible polymer. The unbimdled end can be treated in one of two 
ways, depending on the stiffness of the filaments. If the single polymer 
filaments are flexible, then they can be treated as a pol>aner brush: an 
arrangement of polymer chains where one end of each chain is grafted to 
a surface and the other end is free. If the individual polymers are semistiff, 
like actin, then the MacKintosh relation (Eq. 23) can be used. The length of 
the filament bundle, L^, is also detennined from Eq. 23. For the polymer 
brush, assuming that the individual polymer chains in the brush are not 
entangled, the length of the polymer brush, Lp^, can be calculated firom 
mean-field theory (Marsh, 2004) 

where a and A are constants and Apb is the cross-sectional area. The 
monomer radius is and D is the spacing between polymers. The 
equilibrium length of the polymer brush is 

Lo=\a^m(^^y\ (28) 

where m is the number of monomers per polymer chain in the brush. The 
contour length of the polymers in the brush is Lc = Omm = LoD'^l'^ / kciP , 
and the total length of the polymers in the combined bundle and brush is 
^con = + L„,and the length of the composite object is Lt = + ^b- 



bundled core 




FIGURE A3 Protrusion forces. At the leading edge MSP polymerization 
elongates the filaments, while lateral association elongates the fiber bundles 
whose persistence length is much higher than the filaments. The fluctuating 
filaments impinge on the leading edge membrane, and so their entropic 
freedom is reduced. This generates a protrusive pressure on the leading edge 
and a compressive stress in the filament bundles whose bending modulus is 
large enough to transmit the stress rearwards and to the substratum. 



Lateral binding increases L„and decreases thereby increasing the object 
length, Lt- Defining the growth rates of Loo and completes the model. 
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